In preterm infants low plasma glucose concentrations are frequently observed. We hypothesized that the infants' ability to adapt endogenous glucose production to diminishing exogenous supply is disturbed, but will improve with increasing gestational age. Glucose production rate and gluconeogenesis were measured using stable isotope techniques with [6,6-2 H 2 ]glucose and [2-
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In preterm infants low plasma glucose concentrations are frequently observed. We hypothesized that the infants' ability to adapt endogenous glucose production to diminishing exogenous supply is disturbed, but will improve with increasing gestational age. Glucose production rate and gluconeogenesis were measured using stable isotope techniques with [6,6- 2 H 2 ]glucose and [2- 13 C]glycerol in 19 preterm infants (10 Յ 30 wk and nine Ͼ30 wk gestational age) on d 5.0 Ϯ 1.4 of life. Exogenous glucose was administered at a rate of 33 mol·kg Ϫ1 ·min Ϫ1 followed by 22 mol·kg Ϫ1 ·min Ϫ1 . In the first 2 h after the decrease in exogenous supply, plasma glucose concentration declined comparably in both groups: Յ30 wk, from 4.3 Ϯ 1.2 to 3.2 Ϯ 0.9 mM; Ͼ30 wk, from 3.7 Ϯ 0.7 to 3.0 Ϯ 0.6 mM. Thereafter, only in infants Ͼ30 wk an increase was observed, to 3.4 Ϯ 0.8 mM. Glucose production rate increased comparably in both groups: Յ30 wk, from 6.0 Ϯ 4.1 to 8.8 Ϯ 3.4 mol·kg Ϫ1 ·min Ϫ1 ; Ͼ30 wk, from 7.8 Ϯ 4.6 to 11.6 Ϯ 5.2 mol·kg Ϫ1 ·min Ϫ1 . This increase was equivalent to approximately 30% of the decline in exogenous glucose. Gluconeogenesis increased comparably in both groups: Ͻ30 wk, from 3.2 Ϯ 1.2 to 4.5 Ϯ 1.3 mol·kg Ϫ1 ·min Ϫ1 ; Ͼ30 wk, from 4.3 Ϯ 1.9 to 6.8 Ϯ 2.9 mol·kg Ϫ1 ·min Ϫ1 . We conclude that preterm infants can only partly compensate a decline in exogenous glucose supply by increasing endogenous glucose production rate, probably because of limitations in the final common pathway of intracellular glucose metabolism (i.e. glucose-6-phosphatase). The ability to maintain the plasma glucose concentration after a decrease in exogenous supply is better preserved in infants Ͼ30 wk owing to more efficient adaptation of peripheral glucose utilization.
(Pediatr Res 53: 628-634, 2003)
Abbreviations AGA, appropriate for gestational age CI, confidence interval GPR, (endogenous) glucose production rate MIDA, mass isotopomer distribution analysis Ra, rate of appearance SGA, small for gestational age A low plasma glucose concentration is frequently found in preterm infants, particularly during the first postnatal days, and may lead to serious short-term and long-term complications. The incidence is inversely related to declining gestational age and birth weight (1) (2) (3) . Therefore, preterm infants routinely receive enteral feedings or i.v. glucose shortly after birth. Despite this policy, the incidence of hypoglycemia-defined as a plasma glucose concentration Ͻ 2.6 mM-is still approximately 20% in our neonatal intensive care unit, a referral unit for infants Յ 32 wk gestational age. The high risk of hypoglycemia may be related to limited substrate stores, a high brain-to-body weight ratio, and immature enzyme systems (4 -6) .
The pathophysiology of low plasma glucose concentrations in otherwise healthy preterm infants is not completely understood because of lack of sufficient data on glucose kinetics. Endogenous GPR in preterm infants of various gestational ages was measured under different circumstances (6 -18) . In most studies glucose was supplied at varying rates, showing that endogenous glucose production is almost completely suppressed during exogenous infusion rates higher than 7.5 mg·kg Ϫ1 ·min Ϫ1 in preterm infants, and 5.5 mg·kg Ϫ1 ·min Ϫ1 in term infants (7, 8, 10 -18) . Because glucose supply (endogenous plus exogenous) equals glucose disposal during steadystate conditions, these data suggest that in preterm infants glucose requirements are approximately 7.5 mg·kg Ϫ1 ·min
Ϫ1
and in term infants, 5.5 mg·kg Ϫ1 ·min
. Basal GPR without exogenous glucose supply varies from 3.0 to 5.5 mg·kg Ϫ1 ·min Ϫ1 in preterm infants, measured 3 to 6 h after the last feed (6, 7, 9, 10) . These data are not different from those measured in full-term infants (6, 7, 9, 10, 19 -21) . However, because of the supposedly higher glucose requirements in preterm infants, basal glucose production covers only 40 to 70% of their requirements, compared with 60 to 100% in term infants.
Endogenous glucose production is derived from gluconeogenesis and glycogenolysis. Therefore, low production rates can be caused by limitations in gluconeogenesis, glycogenolysis, or both. Gluconeogenesis has been measured in preterm infants Ͻ 30 wk gestational age with stable isotope techniques in a single study (22) . In that study, 72% of endogenous glucose production was derived from gluconeogenesis. In adults after an overnight fast gluconeogenesis contributes approximately 40 to 60% to endogenous glucose production (23) (24) (25) .
From a clinical perspective the ability to increase glucose production to fully balance a decrease in exogenous glucose administration is an important defense mechanism against hypoglycemia. In adults, a decline in exogenous glucose supply below a certain level is fully compensated by an increase in endogenous production (26) . Similar studies have not been performed in preterm infants. To elucidate the pathophysiology of glucose kinetics in preterm infants further, we designed a study to evaluate whether a decrease in glucose infusion rate below the range that represents the glucose requirements of these infants (see above) is fully compensated by an increase in endogenous glucose production. The second aim was to explore potential differences in the adaptive response between infants Յ 30 wk and infants Ͼ 30 wk gestational age. To answer these questions we measured the rates of endogenous glucose production and gluconeogenesis with the stable isotope dilution technique and MIDA in 19 preterm infants during two rates of glucose infusion. In adults the adaptation to fasting is an established model to achieve better understanding of the pathophysiology of metabolic processes. In preterm infants prolonged fasting is ethically not acceptable because of the high risk of hypoglycemia. We therefore modified the fasting study design and evaluated the changes in glucose metabolism in response to a decline from a moderate to a low glucose infusion rate, instead of complete fasting.
Because glucose kinetics may be influenced by several hormones (insulin, cortisol, glucagon, catecholamines), gluconeogenic precursors (alanine), and FFA, these were also measured during the study. We hypothesized that preterm infants are not able to fully balance a decrease in exogenous glucose supply by an increase in endogenous production and that the youngest age group will be the most compromised, without significant differences in hormonal status or precursor supply.
METHODS

Patients. Preterm infants were recruited from the Neonatal
Intensive Care Unit at the Emma Children's Hospital Academic Medical Center, Amsterdam, and Neonatal High Care Unit at the Bosch Medicentrum, 's-Hertogenbosch, the Netherlands. Preterm infants with a gestational age of 26 -30 and 31-36 completed weeks were eligible for the study. We included infants with a postnatal age between 1 and 8 d, because the incidence of low plasma glucose concentrations is the highest in the first postnatal week. Exclusion criteria were severe hypoglycemia (for ethical considerations and necessity of high rates of glucose infusion), birth weight Ͼ 90th percentile for gestational age (27) , sepsis, severe perinatal asphyxia (5-min Apgar score Ͻ 7), congenital malformations, severe respiratory distress, need of vasopressor support, and maternal diabetes or glucose intolerance. Written informed consent by the parents was obtained in all cases. This study was approved by the Medical Ethical Committee of the Academic Medical Center in Amsterdam and Bosch Medicentrum in 's-Hertogenbosch, the Netherlands.
Study design. The study design is shown in Figure 1 . Before the study all infants received enteral or parenteral nutrition (or a combination) according to the nutrition protocol in our ward. Enteral and parenteral nutrition were discontinued 6 h before the study and replaced by i.v. glucose supply (unlabeled) at a rate of 33
). The fluid intake was kept at the level prescribed by the attending clinician, according to the protocol in our ward, and was not changed during the study. Infusions were administered through an i.v. (peripheral or central venous) catheter, previously introduced for clinical reasons. Blood samples were drawn from a second i.v. catheter in the opposite limb or, if present, from an intraarterial line.
After obtaining a baseline blood sample at t ϭ Ϫ180 min (0800 h) for determination of background isotopic abundance and plasma glucose concentration, a primed (80 mol/kg body weight), continuous (0.9 mol·kg 
GPR AND GLUCONEOGENESIS IN PRETERM INFANTS glucose equivalents)] infusion of [2-
13 C]glycerol (99% enriched, Cambridge Isotopes) was started at t ϭ Ϫ180 min on top of the cold glucose infusion, to measure fractional gluconeogenesis. Unlabeled glucose was continued at a rate of 33 mol·kg
). After an equilibration period of 165 min of stable isotope infusion, three blood samples were collected at 15-min intervals (t ϭ Ϫ15, 0, and 15 min) for the measurement of isotopic enrichments and plasma glucose concentration. Subsequently, at t ϭ 15 min, unlabeled glucose supply was diminished to 22 mol·kg Ϫ1 ·min Ϫ1 (4 mg·kg Ϫ1 ·min Ϫ1 ). Three blood samples were collected again at 15-min intervals (t ϭ 165, 180, and 195 min) for isotopic enrichment and plasma glucose determination. At t ϭ 0 and t ϭ 180 min, blood was also collected for determination of insulin, glucagon, cortisol, epinephrine, norepinephrine, alanine, and FFA. Plasma glucose concentration was measured at least once per hour during the study period.
Assays. All measurements were performed in duplicate, except for the MIDA samples, and all samples of individual newborns were analyzed in the same run.
Plasma glucose concentration was measured by the glucose oxidase method (Beckman Glucose Analyzer, Beckman Instruments Inc., Mijdrecht, the Netherlands).
Gas chromatography/mass spectrometry (GC/MS) analyses were performed with a model 5890 Series II gas chromatograph coupled to a model 5989 A mass spectrometer (Hewlett Packard, Palo Alto, CA, U.S.A. (25, 28) .
Insulin levels were measured using a radio-immuno-assay (Pharmacia Diagnostics AB, Uppsala, Sweden). Glucagon levels were also determined with a RIA (Linco Research Inc., St. Charles, MO, U.S.A.). Cortisol levels were measured with an ELISA on an Immulite analyzer (DPC, Los Angeles, CA, U.S.A.). Catecholamines were determined with HPLC with fluorescence detection using ␣-methyl-norepinephrine as internal standard. Alanine levels were measured with an enzymic micromethod (29) . FFA levels were determined enzymatically using a NEFAC kit (WAKO Chemicals Gmbh, Neuss, Germany).
Calculations. Precursor pool enrichment (p) and fractional gluconeogenesis (f) were calculated from the mass isotopomer distribution pattern of unlabeled and singly and doubly labeled glucose derived from [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glycerol as described by Hellerstein and Neese (31) and Neese et al. (32) . Absolute rate of gluconeogenesis is calculated as the product of f times glucose Ra. Gluconeogenesis as a fraction of GPR is calculated as the absolute rate of gluconeogenesis divided by GPR.
Statistics. Data are reported as mean Ϯ SD, unless otherwise stated. Analysis of repeated measurements was used to investigate the changes in plasma glucose concentration (proc mixed of SAS 6.12, SAS Institute Inc, Cary, NC, U.S.A.). Data within groups were analyzed by the paired samples t test, with each infant serving as his or her own control. For the changes in the variables of glucose kinetics, mean differences and 95% CI are given. Data between groups were analyzed by the MannWhitney rank sum test. Statistical significance was set at p Ͻ 0.05.
RESULTS
Clinical data.
The clinical characteristics of the infants are shown in Table 1 . A total of 19 preterm infants (eight girls) were studied between the third and eighth day of life. Three infants were ventilated with mild ventilatory settings (two were Յ 30 wk gestational age) and received morphine for sedation, consistent with the routines in our ward. All infants were clinically stable and had normal body temperature and normal acid-base status with normal oxygen saturation levels. Thirteen infants received antibiotics, but none had positive blood cultures or clinical signs of infection. In addition, there were no differences between infants born to mothers treated with antenatal steroids and those born to untreated mothers. SGA infants [birth weight Ͻ 10th percentile (27) ] showed no differences in any of the variables of glucose kinetics compared with AGA infants.
Glucose kinetics. Steady-state enrichments are shown in Table 2 . During both study periods (t ϭ Ϫ15 to ϩ15 min and t ϭ 165 to 195 min) approximate steady state-defined by a coefficient of variation of Ͻ10%-was reached. Therefore, for both study periods the mean values of the variables of glucose kinetics are presented: for study period 1 (exogenous glucose rate of approximately 33 mol·kg Ϫ1 ·min Ϫ1 ), mean values from t ϭ Ϫ15 to ϩ15 min, and for study period 2 (exogenous glucose rate of approximately 22 mol·kg Ϫ1 ·min Ϫ1 ), mean values from t ϭ 165 to 195 min.
Glucose kinetics during i.v. glucose supply of 33 mol·kg ؊1 ·min ؊1 . Data are shown in Table 3 . During glucose infusion at a rate of 33 mol·kg Ϫ1 ·min Ϫ1 , there were no significant differences between infants Յ 30 wk compared with infants Ͼ 30 wk gestational age in glucose concentration, endogenous glucose production, or gluconeogenesis.
Adaptation to a decrease in i.v. glucose supply. In infants Յ 30 wk gestational age, the plasma glucose concentration declined significantly by 1.1 mM (95% CI, Ϫ1.5 to Ϫ0.6; from 4.3 Ϯ 1.2 to 3.2 Ϯ 0.9 mM) during the first 2 h after diminution of i.v. glucose supply, and remained unchanged between the second and third hour: 3.2 Ϯ 0.9 and 3.4 Ϯ 0.8 mM, respectively (mean difference, ϩ0.2 mM; 95% CI, Ϫ0.1 to ϩ0.5; Table 3 and Fig. 2 ). This change in plasma glucose concentration was associated with a decrease in total glucose appearance rate by 8.3 mol·kg Ϫ1 ·min Ϫ1 (95% CI, Ϫ9.8 to Ϫ6.7) and an increase in endogenous GPR by 2.9 mol·kg Ϫ1 ·min Ϫ1 (95% CI, ϩ1.6 to ϩ4.1), equivalent to 26 Ϯ 17% of the decline in exogenous glucose supply. 
ϩ2.2).
In infants Ͼ 30 wk gestational age, the plasma glucose concentration declined significantly by 0.7 mM (95% CI, Ϫ1.2 to Ϫ0.2; from 3.7 Ϯ 0.7 to 3.0 Ϯ 0.6 mM) during the first 2 h after diminution of i.v. glucose supply. This decline was followed by an increase by 0.4 mM (95% CI, ϩ0.1 to ϩ0.9), to 3.4 Ϯ 0.8 mM between the second and third hours (Fig. 2) . The total rate of glucose appearance decreased by 7.0 mol·kg Ϫ1 ·min Ϫ1 (95% CI, Ϫ9.9 to Ϫ4.2), whereas endogenous GPR increased by 3.8 mol·kg Ϫ1 ·min Ϫ1 (95% CI, ϩ0.8 to ϩ6.8), equivalent to 35 Ϯ 36% of the decline in exogenous glucose supply. The absolute rate of gluconeogenesis increased by 2.4 mol·kg Ϫ1 ·min Ϫ1 (95% CI, ϩ0.5 to ϩ4.4). The changes in glucose production and gluconeogenesis were not significantly different between both groups. Hormones, the gluconeogenic precursor alanine, and FFA. The results are shown in Table 4 . Because of a restriction in the amount of blood that could be taken, only measurements of insulin, cortisol, and FFA could be performed in all infants. In infants with a birth weight Ͼ 1000 g, alanine was measured also. Blood for other hormones (glucagon and catecholamines) was collected only in infants Ͼ 1200 g. During i.v. glucose supply at a rate of 33 mol·kg Ϫ1 ·min Ϫ1 , plasma glucagon levels were significantly higher (p ϭ 0.023) and plasma FFA levels were significantly lower (p ϭ 0.014) in infants Յ 30 wk compared with infants Ͼ 30 wk gestational age.
After diminishing the glucose infusion rate to 22 mol·kg Ϫ1 ·min Ϫ1 , insulin levels declined significantly in both 
DISCUSSION
Low plasma glucose concentrations are frequently found in preterm infants, the youngest infants being most compromised. This high risk of hypoglycemia may be related to small substrate stores, a high brain-to-body weight ratio, and immature enzyme systems (4 -6), thereby disturbing the balance between glucose supply and requirements. Limited endogenous glucose production is attributed to restricted capacity for gluconeogenesis and glycogenolysis (4, (33) (34) (35) (36) (37) (38) (39) (40) . However, direct measurements of glucose production and glucose concentration were done mostly without or during a constant glucose infusion rate (6 -9, 11, 13, 15, 16) , precluding conclusions about the adaptive capacity. In the present study we measured endogenous glucose production and gluconeogenesis as the potential adaptive capacity to counteract a decrease in the rate of exogenous glucose supply in preterm infants. We hypothesized that the ability to adapt to diminishing exogenous supply would be more compromised in very young infants (Յ30 wk gestational age).
Our data clearly show the limited capacity of preterm infants in general to adapt their GPR to a decline in exogenous glucose supply within the 3-h study period. The decrease in exogenous glucose supply was only partly compensated by an increase in the production (approximately 30%). This is in contrast to adults, in whom a decline in exogenous supply of glucose is fully compensated by an increase in production (26). We were not able to show a difference between infants Յ 30 wk and Ͼ 30 wk gestational age with respect to their limited capability to increase glucose production. However, the age difference between the groups was relatively narrow. Most infants were between 28 and 30 wk gestational age in the Յ30 wk group whereas most infants in the Ͼ30 wk group were between 33 and 35 wk. Although the changes in endogenous glucose production and gluconeogenesis were not significant between the groups, there was a trend toward better adaptation in the older group. We therefore cannot completely rule out the possibility that older preterm infants are better adapters than younger infants.
The limited capability to increase glucose production in the studied infants cannot be ascribed to an obvious lack of gluconeogenic capacity as gluconeogenesis covered approximately 62% of the glucose production. These data on the adaptation of glucose kinetics cannot be compared with data from the literature. However, the basal measurements in both groups obtained during glucose infusion at a rate of 33 mol·kg Ϫ1 ·min Ϫ1 were comparable to other studies using similar rates of i.v. glucose supply (7, 8, 14, 17) .
Stable isotope steady-state was reached during the study as is shown by our results. Metabolic steady-state, however, could not be accomplished in our study because amino acids and a substantial amount of energy would have to be withheld for prolonged periods. We considered this unethical in our study population. Second but more important, our study was designed to evaluate short-term responses in glucose kinetics to changes in exogenous glucose supply. To put our results in perspective, a modification to the studies during short-term fasting in adults was chosen. In those studies metabolic steadystate is not reached either; but gradual changes in metabolism with time are found (41) .
Both AGA and SGA infants were included in this study. The number of SGA and AGA infants was equal in both groups. We found no differences in any of the variables of glucose kinetics between AGA and SGA infants, and analyzed the data therefore in two groups divided by gestational age. When the AGA and SGA infants were analyzed separately, still no differences were found between infants Յ 30 wk and infants Ͼ 30 wk. Both groups remained normoglycemic during the study, precluding conclusions about glucose kinetics during hypoglycemia. Furthermore, we cannot rule out that the exclusion of severely hypoglycemic infants has biased the results toward infants who already were better adapters. However, the study design precludes the inclusion of hypoglycemic infants, as it is ethically not acceptable to keep the plasma glucose concentration at low levels. In addition, it is not meaningful to include infants who are treated for severe hypoglycemia, because the necessary high rate of exogenous glucose supply might suppress endogenous glucose production.
Because no major differences in glucose production between infants Յ 30 wk and Ͼ 30 wk were found, the slight differences in glucoregulatory hormones, alanine, and FFA levels between our groups seem to have no influence in this respect.
Direct measurement of gluconeogenesis in preterm infants was performed in only one study, by Sunehag et al. (22) in infants Ͻ 30 wk gestational age during total parenteral nutrition containing 3 mg glucose·kg Ϫ1 ·min Ϫ1 . Gluconeogenesis was estimated by three techniques: MIDA using [2- 13 C]glycerol or [U 13 C]glucose, and the 2 H 2 O technique with deuterium incorporation in C6 of glucose. In the latter method, using C6 instead of C5 enrichment, gluconeogenesis is underestimated because the contribution from glycerol to gluconeogenesis is not included and there is incomplete equilibration between body water and C6 of glucose (23, 24) . However, measurement of deuterium incorporation into glucose C5 is not feasible in small infants because relatively large-volume blood samples are required. Gluconeogenesis estimated by [U 13 C]glucose and [2-
13 C]glycerol yielded similar results (72% of endogenous glucose production, or an absolute rate of 7.6 mol·kg Ϫ1 ·min Ϫ1 ) (22) . In the present study, we measured gluconeogenesis by the MIDA technique using [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glycerol. Fractional gluconeogenesis was 56% in the infants Յ 30 wk gestational age in our study, compared with 72% in the infants of a comparable age group studied by Sunehag et al. (22) . Their higher rate of gluconeogenesis can be explained by stimulation of gluconeogenesis by amino acids or lipid emulsion, administered as part of the parenteral nutrition. Another explanation for their higher fractional gluconeogenesis can be gradual depletion of glycogen stores, as a result of their study design (22) .
The percentage of glucose derived from gluconeogenesis in the infants in our study is comparable to the fractional gluconeogenesis found in adults after an overnight fast. This suggests that the partial compensation for the decline in exogenous glucose supply is caused by limitations in the final common pathway of intracellular glucose metabolism (i.e. glucose-6-phosphatase), rather than a defect in either gluconeogenesis or glycogenolysis. This hypothesis is consistent with the in vitro findings of Hume et al. (42) of a low glucose-6-phosphatase activity in hepatocytes of preterm infants. Glucose-6-phosphatase catalyzes the final step of hepatic gluconeogenesis and glycogenolysis. Low glucose-6-phosphatase activity will therefore result in a proportional effect on glucose derived from gluconeogenesis and glycogenolysis.
Although endogenous glucose production increased in both groups after reduction of exogenous supply, glucose availability (the sum of endogenous and exogenous glucose supply) to the tissues diminished by approximately 21% in infants Յ 30 wk and by approximately 17% in infants Ͼ 30 wk gestational age. Despite this comparable decline, infants Ͼ 30 wk were able to increase plasma glucose concentration after the initial decline, whereas the younger infants were not, suggesting a limited capacity to reduce peripheral glucose utilization in the younger group. This finding is in contrast with the response in healthy adults. They are able to maintain the plasma glucose concentration during a prolongation of the fast from 16 to 22 h, despite a 20% decline in endogenous glucose production rate, caused by a concomitant decline in peripheral glucose uptake (41) . The difference in response between the younger and the older preterm infants in our study can be explained by the differences at the end of the study in plasma norepinephrine or FFA as both are well-known inhibitors of peripheral glucose uptake (43, 44) .
CONCLUSIONS
In conclusion, we showed that preterm infants could only partly compensate a decline in glucose infusion by increasing 633 glucose production. The increase in endogenous glucose production and gluconeogenesis after a decrease in exogenous glucose supply was comparable between infants Յ 30 wk and Ͼ 30 wk gestational age. The limitations in the increase in glucose production seem to be caused by limitations in the final common pathway of intracellular glucose metabolism (i.e. glucose-6-phosphatase), as there was a proportional increase in both the gluconeogenic and the glycogenolytic contribution to glucose production. The plasma glucose concentration declined initially in all infants, which was followed by an increase in infants Ͼ 30 wk. In contrast, in the younger infants the plasma glucose concentration remained unchanged in the last hour of the study, suggesting an additional insufficient adaptation of peripheral glucose utilization in this very young group.
